Wnts are important for various developmental and oncogenic processes. Here we show that Wnt signaling functions at synapses in hippocampal neurons. Tetanic stimulations induce N-methyl-Daspartate receptor-dependent synaptic Wnt3a release, nuclear ␤-catenin accumulations, and the activation of Wnt target genes. Suppression of Wnt signaling impairs long term potentiation. Conversely, activation of Wnt signaling facilitates long term potentiation. These findings suggest that Wnt signaling plays a critical role in regulating synaptic plasticity.
addition, mutation of Dishevelled-1 in mice produces behavioral impairments (36) , whereas mutation of a Drosophila Wnt receptor, Derailed (13) , causes memory deficits (37, 38) . Collectively, available data point to the role of Wnt signaling in the modulation of brain functions. However, the mechanism by which Wnt signaling regulates brain function is completely unknown.
Here we report the synaptic localization of Wnt signaling proteins in mouse hippocampal neurons, the activity-induced Wnt3a release from synapses, activation of Wnt/␤-catenin signaling in post-synaptic neurons, and the regulatory role of Wnt signaling in long term potentiation (LTP). 2 Our results suggest a novel role of Wnt signaling in the regulation of synaptic plasticity, which may provide a cellular mechanism for Wnt signaling in modulating brain functions.
EXPERIMENTAL PROCEDURES
Indirect Fluorescence Immunostaining-Hippocampal slices (400 m) were fixed in 4% paraformaldehyde and 0.2% glutaraldehyde in PBS on ice for 2 h and sectioned (28 m) with Vibratome 3000 (Vibratome, St. Louis, MO). The sections were permeabilized in 0.7% Triton X-100 in PBS for 1 h at room temperature, incubated with primary antibodies in blocking solution (0.05% Triton X-100, 5% normal goat serum in PBS) at 4°C overnight and then in fluorescent secondary antibodies in blocking solution at room temperature for 1 h. After rinsing in PBS, the sections were mounted with 90% glycerol in PBS for imaging. All images were acquired with LSM 510 META (Carl Zeiss). Imaging parameters were set to avoid signal saturations. Signal quantifications were performed with NIH ImageJ. The antibodies used were anti-Wnt3a antibodies (R&D Systems; 10 g/ml), anti-Frizzled-4 antibodies (R&D Systems; 5 g/ml), anti-Dishevelled-3 antibodies (Chemicon; 1:200), anti-␤-catenin antibodies (BD Biosciences; 1:50), anti-PSD-95 antibodies (Upstate Biotechnology; 2 g/ml), and fluorescein isothiocyanate-(1:100) and Cy3-conjugated secondary antibodies (1:200) (Jackson ImmunoResearch). Purified nonspecific IgG proteins were used as negative controls for individual antibodies.
Electrophysiology-Hippocampal slices (400 m) were prepared from 3-4-week mice in cold oxygenated ACSF (119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 1.0 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , and 11.0 mM D-glucose) and recovered in oxygenated ACSF at room temperature before electrophysiological recording. During the recovering phase for experiments to investigate the potential role of Wnt signaling in LTP, slices were treated with Frizzled-8-Fc (5 g/ml) for 1 h, anti-wnt3a antibodies (1 g/ml) for 2 h, or Wnt3a (200 ng/ml) for 1 h. Protein-treated slices were then transferred to the recording chamber to induce LTP. LiCl 2 (10 mM) was added in ACSF in a recording chamber 1 h before recording and was present during the course of * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. recording. Electrophysiological recording was carried out at 27°C. Field potentials were evoked in a molecular layer of dentate gyrus with concentric bipolar electrodes and recorded with a glass micropipette filled with 2 M NaCl. LTP was induced by tetanus (four times for 1 s at 100 Hz with intertrain intervals of 30 s) and measured by the slope of fEPSP at its rising phase.
RESULTS

Wnt Signaling in the Mouse
Hippocampus-In an attempt to identify novel molecular pathways underlying LTP, we used a DNA microarray approach to characterize genes that are regulated by LTP induction and found that mRNA levels of multiple genes encoding Wnt signaling proteins were significantly changed by LTP-inducing tetanic stimulations in the dentate gyrus (DG) slices of mice (supplemental Fig. 1) . 3 This observation indicated that Wnt signaling is modulated by synaptic activity. Therefore, we performed fluorescent immunostaining experiments to determine the distribution pattern of Wnt signaling proteins, including Wnt3a, Frizzled-4, ␤-catenin, and Dishevelled-3. All of these proteins were detected in the hippocampal formation, including CA1-CA3 fields and DG (Fig. 1, a, e, i, and m) . No signals were detected in negative controls with purified nonspecific IgG at the same concentrations ( Fig. 1, a, e, i, and m) . To investigate whether these proteins are at synapses, we performed double labeling experiments, with PSD-95 as a synaptic marker. The results showed that all four proteins displayed a punctate pattern in the molecular layer of DG (Fig. 1, b, f, j, and n) . Similar patterns were observed in the stratum radiatum of CA1 regions (data not shown). Puncta of Wnt3a and Frizzled-4 signals showed extensive co-localizations with PSD-95 (Fig. 1, b-d and f-h ), indicating their localization at the synaptic regions. As Frizzled-4 physically interacts with PSD-95 (39) , this Wnt receptor is most likely localized on the post-synaptic membrane. Dishevelled-3 puncta overlapped with PSD-95 to a lesser extent (Fig. 1, j-l) , whereas ␤-catenin displayed a more diffused pattern with signal clusters (Fig. 1, n-p) , which is consistent with previous studies (40) . These results suggest that Wnt signaling operates at hippocampal synapses.
Tetanic Stimulations Induce Wnt3a Release from Synapses-If Wnt signaling indeed functions at synapses, we might expect that Wnt release from synapses is regulated by synaptic activity. To test this idea, we investigated whether LTP-inducing synaptic stimulations decreased the amount of Wnt3a at synapses. In these experiments, an incision was introduced in the DG molecular layer perpendicular to the DG cell body layer to separate the molecular layer into two portions (Fig. 2a) . One side received electric stimulation, whereas the other side received no stimulation and served as an internal control. Slices were fixed immediately after stimulation for fluorescence immunostaining of Wnt3a. Signal intensity, number, and size of Wnt3a puncta, which are co-localized with PSD-95 ( Fig. 1, a-d) , as well as staining areas occupied by Wnt3a signals were measured using NIH ImageJ. Compared with the non-stimulated control region, test stimulations (1 stimulation/30 s) did not significantly change the pattern and intensity of Wnt3a signals (Fig.  2 , b, e, and h). Quantitative analyses indicated that test stimulation did not change the mean staining area, number, and size of Wnt3a puncta (the ratio between stimulated and control sides for these measurements were 0.98 Ϯ 0.08, 0.96 Ϯ 0.03, and 0.99 Ϯ 0.06, respectively) ( Fig. 2 , k-m). These observations indicated that the amount of Wnt3a at synapses was not changed by test stimulations. In contrast, tetanic stimulations (four times for 1 s at 100 Hz) dramatically decreased Wnt3a signals in the DG molecular layer (Fig. 2, c and f ). An obvious shift of Wnt3a signals to lower intensity was observed after tetanic stimulations (Fig. 2i) . Tetanic stimulations also caused significant decreases of stimulated/non-stimulated ratios of the staining area (0.52 Ϯ 0.06) and 3 C. S. Park and S.-J. Tang, submitted for publication. decreases of the number (0.74 Ϯ 0.04) and the size (0.67 Ϯ 0.05) of Wnt3a puncta (Fig. 2, k-m) . These results strongly suggest that LTPinducing tetanic stimulations led to a decrease of Wnt3a amount at synapses. Because the decrease of Wnt3a was observed immediately after tetanus, they were most likely due to the release of Wnt3a rather than other more time-consuming processes such as protein degradation.
To investigate the regulatory mechanism underlying activity-induced Wnt3A release from synapses, we determined the role of NMDA receptors. Applications of 2-amino-5-phosphonovaleric acid (APV) blocked tetanus-induced decreases of Wnt3a signal intensity (Fig. 2, d , g, and j) and puncta number (0.99 Ϯ 0.02) (Fig. 2l) . This result indicates that the activation of NMDA receptors is necessary for synaptic activity-induced Wnt3a release. Furthermore, APV caused significant increase of staining areas (stimulated/non-stimulated ratio, 1.26 Ϯ 0.09) and punctate size (1.25 Ϯ 0.07) (Fig. 2, k and m) . This observation suggests that inactivation of NMDA receptors leads to accumulation of Wnt3a at synapses.
Tetanic Stimulations Cause Nuclear Accumulation of ␤-Catenin and Activation of Wnt Target Genes in Post-synaptic Neurons-Next, we tested the hypothesis that activity-induced Wnt release activates intracellular signaling pathways. We performed fluorescence immunostaining of ␤-catenin on hippocampal slices 15 or 30 min after tetanic stimulations at the perforant pathway and quantified fluorescence signals in the granule cell nucleus labeled with 4Ј,6-diamidino-2-phenylindole (Fig. 3) . Adjacent hippocampal slices that received test but not tetanic stimulations were used as controls. Quantification of nuclear ␤-catenin signals of randomly selected DG granule cells showed that tetanus significantly increased ␤-catenin signals in the nuclei at 15 and 30 min after stimulations (Fig. 3, a-d ). These observations indicated tetanic stimulations activated the canonical Wnt/␤-catenin pathway. We also found that APV completely abolished tetanus-induced nuclear accumulations of ␤-catenin (Fig. 3, e-h) , indicating an essential role of NMDA receptors in tetanus-induced activation of the canonical Wnt/ ␤-catenin pathway. In support of the activation of Wnt/␤-catenin signaling after tetanic stimulations, we observed, based on a DNA microarray analysis, 3 that tetanus up-regulated mRNAs of several Wnt target genes (Fig. 3m) ; these Wnt target genes included Dll1 (41, 42) , Wisp-2 (43), Cldn1 (44), Fas (45) , and CDD44 (46) .
Collectively, results from the above experiments support the hypothesis that synaptic activities cause release of Wnts, which then bind to Frizzled receptors to activate the Wnt/␤-catenin signaling in the postsynaptic neurons. To test this hypothesis, we investigated whether blockade of released Wnts can abolish tetanus-induced nuclear accumulation of ␤-catenin. To this end, we treated hippocampal slices with purified Frizzled-8-Fc (5 g/ml), which is a Wnt scavenger (47) . The results showed that Frizzled-8-Fc treatment abolished tetanus-induced nuclear accumulation of ␤-catenin (Fig. 3, i-l) . In addition, at 15 min -g) . b/e, c/f, and d/g are image pairs from the same brain section with the stimulated side receiving test (e), tetanic (f), or APV plus tetanic (g) stimulations, respectively. Although test stimulations (e) did not cause apparent changes of Wnt3a patterns compared with the control side (b), tetanic stimulations dramatically reduced the Wnt3a punctate number (f). The tetanus-induced decreases of Wnt3a puncta was blocked by APV (50 M) (g). Scale bar in g, 5 m. Shown are histograms of the distribution of Wnt3a signal intensities. Although test stimuli did not cause obvious changes in the distribution of signal intensities (h), tetanus caused a shift of the signal distribution to lower intensities (i). The tetanus-induced shift was blocked by APV (j). Also shown are ratios of staining area (k), punctate number (l), and punctate size (m) between stimulated and non-stimulated regions. All ratios from slices receiving test stimulations were ϳ1, indicating no significant changes of staining area, punctate number, and size. Tetanic stimulations significantly reduced the staining area (k), punctate number (l), and size (m), indicating decreases of synaptic Wnt3a. APV not only blocked these decreases, but also significantly increased punctate size (m) and staining area (k) without changing the number of puncta (l), indicating accumulations of Wnt3a at the synapse. n, numbers of sections from at least three independent experiments. after tetanic stimulations, the nuclear ␤-catenin was significantly lower than that of the control (Fig. 3l) , indicating an inhibitory effect of Frizzled-8-Fc on basal Wnt activities. Together, these observations support the idea that tetanus-induced accumulation of nuclear ␤-catenin depends on Wnts released after synaptic activation.
Suppression of Wnt Signaling Impairs LTP-Because LTP-inducing tetanus activates Wnt signaling (Fig. 3) , we hypothesized that Wnt signaling plays a role in LTP. To test this hypothesis, we determined the effect of Frizzled-8-Fc (which was able to block the tetanus-induced nuclear accumulation of ␤-catenin (Fig. 3) ) on LTP. Mouse hippocampal slices were incubated with Frizzled-8-Fc (5 g/ml in ACSF) for 1 h before recording to ensure penetrations of the recombinant protein into the slice. Slices treated with boiled Frizzled-8-Fc were used as controls. LTP was induced at the perforant pathway by tetanic stimulations. We observed that Frizzled-8-Fc treatments decreased LTP magnitude, especially during the late phase of LTP (Fig. 4a) . For instance, although Frizzled-8-Fc did not affect LTP at 60 min, it significantly decreased the amplitude of LTP at 180 min (mean % of base line: control, 147.5 Ϯ 9.6%; Frizzled-8-Fc, 117.8 Ϯ 3.0%; p Ͻ 0.05) (Fig. 4b) . Because Frizzled-8-Fc may affect LTP by scavenging multiple Wnts (Fig. 4, a and  b) , we next investigated the role of Wnt3a, which was found at the synaptic region and released in an NMDA receptor-dependent manner (Fig. 1, a-d; Fig. 2 ). To specifically antagonize Wnt3a, hippocampal slices were incubated for 2 h before LTP induction with anti-Wnt3a antibodies, which is known to neutralize Wnt3a activities in vitro (R & D Systems). Compared with purified nonspecific IgG controls, anti-Wnt3a antibodies (1 g/ml) significantly impaired LTP (Fig. 4, c  and d ). This result indicated that Wnt3A alone exerted a discernible effect on LTP. Both Frizzled-8-Fc and anti-Wnt3a antibodies did not change input/output curves, suggesting normal basal synaptic transmis- 3 Compared with control (DG minislices without tetanic stimulation), mRNAs of these Wnt target genes are significantly increased at least at one time point after tetanus (p Ͻ 0.05). A color scale of fold changes is shown above the micrograph of temporal expression profiles.
sions (data not shown). Together, these results suggest that Wnt signaling is important for LTP.
Activation of Wnt Signaling Potentiates LTP-To rigorously determine the involvement of Wnt signaling in LTP, we next investigated the effect of Wnt signaling activation on LTP. In the initial experiment, we focused on the effect of lithium, which has been widely used to activate the Wnt/␤-catenin signaling pathway by inhibiting glycogen synthase kinase 3␤ (11, 48) . We found that applications of LiCl 2 (10 mM) in ACSF during electrophysiological recording enhanced LTP (mean % of base line at 60 min: control, 167.4 Ϯ .9%; LiCl 2 , 188.2 Ϯ 5.1%; p Ͻ 0.05; at 180 min: control, 116.8 Ϯ 5.7%; LiCl 2, 157.1 Ϯ 9.5%; p Ͻ 0.01) (Fig. 5, a and  b) . Because our earlier experiments indicated that synaptic activities led to release of Wnt3a from the synaptic region (Fig. 2) , we examined the effect of purified recombinant Wnt3a on LTP. We found that, compared with control treatments without Wnt3A, pre-incubation of hippocampal slices with Wnt3a (200 ng/ml) potentiated LTP (Fig. 5c ). For example, LTP magnitudes at 60 min for control and Wnt3a-treated experimental slices were 143.3 Ϯ 4.6 and 160.5 Ϯ 4.4%, respectively (p Ͻ 0.05). At 180 min, they were 123.1 Ϯ 4.3 and 145.2 Ϯ 4.4% (p Ͻ 0.01) (Fig. 5d) . LiCl 2 and Wnt3a did not affect basal synaptic transmissions, as suggested by normal input/output curves (data not shown). Because both lithium and Wnt3a modulate ␤-catenin, these results suggest that activation of the Wnt/␤-catenin pathway facilitates LTP expression.
DISCUSSION
In summary, we have shown (i) Wnt signaling proteins were present at hippocampal synapses, (ii) synaptic activities caused release of Wnt3a from synapses in an NMDA receptor-dependent manner, (iii) tetanusinduced Wnt release activated the Wnt/␤-catenin signaling pathway, and (iv) inhibition of Wnt signaling impairs LTP, whereas activation of Wnt signaling potentiates LTP. These findings reveal a synaptic function of Wnt signaling in regulation of LTP.
Although much has been learned about the intracellular pathways that transduce Wnt signals, little is known about the mechanisms that control when and where to activate Wnt signaling. Our findings of the activity-dependent synaptic release of Wnt3a illustrate an elegant mechanism to control the spatial and temporal activities of Wnt signaling. Based on the results described above, we propose the following process for the activation of Wnt signaling at synapse: (i) synaptic activation of NMDA receptors, (ii) activation of NMDA receptors, likely via Ca 2ϩ signals, triggering Wnt release from the synapse, and (iii) synaptically released Wnts binding to the extracellular domain of local Frizzled receptors on synaptic membranes to activate Wnt signaling cascades.
Our studies uncovered a novel role of Wnt signals in LTP regulation. Because LTP-like processes are important for information storage (49), Wnt signaling evoked by NMDA receptor activation is likely involved in memory formation in the brain. Consistently, mutations of Derailed, a Drosophila Wnt receptor (13) , cause memory deficits in Drosophila (37, 38) . Recent studies suggest that aberrant Wnt signaling is implicated in multiple abnormal brain conditions, including Alzheimer disease (34, 50) , schizophrenia (22, 51, 52) , and drug abuse (35) . Our findings of the role of Wnt signaling in synaptic plasticity provide a new perspective for understanding the etiologic mechanism for these mental disorders.
We propose two potential mechanisms for Wnt/␤-catenin signaling to regulate LTP. One is that the activation of Wnt/␤-catenin signaling may activate LEF/TCF target genes that are important for LTP. Indeed, we observed NMDA receptor-and Wnt-dependent nuclear accumulation of ␤-catenin after tetanic stimulations (Fig. 3) . A recent study has postulated that the Caenorhabditis elegans ␤-catenin homolog BAR-1 may regulate the abundance of post-synaptic glutamate receptor GLR-1 via control of the transcription of Wnt target genes (53) . Another possibility is that the activation of Wnt/␤-catenin signaling may directly modulate the structure and function of the synapse via synaptic ␤-catenin. At synapses, ␤-catenin mediates the interaction between cadherins and actin cytoskeletons and thereby regulates the function of cadherincontaining adhesion complexes during synapse formation, synaptic structure maintenance, and remodeling (54, 55) . Interestingly, LTP expression is accompanied with synaptic growth and remodeling (56 -58) . It would be important for future studies to examine whether the synaptic Wnt signaling is coupled to LTP-associated synaptic growth. ␤-catenin may also regulate synaptic function by interacting with other proteins. For example, Bamji et al. (40) shows that the interactions between ␤-catenin and PDZ proteins play an important role in regulating synaptic vesicle localization and presynaptic assembly. Consistent with the idea that the Wnt/␤-catenin signaling may function locally to modulate the structure and function of synapses, neural activities redistribute ␤-catenin into spines (59) . The two potential mechanisms outlined above are not mutually excluded. It is possible that the local synaptic Wnt/␤-catenin signaling mediates rapid structural and functional changes of the synapse, whereas the transcriptional Wnt/␤-catenin signaling has a slower but long lasting effect on synaptic plasticity.
